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Abstract
Airborne silica dust (quartz) is common in coal mines and represents a respiratory hazard that can 
lead to silicosis, a potentially fatal lung disease. With an eye toward developing a portable 
monitoring device for rapid analysis of silica dust, laser-induced breakdown spectroscopy (LIBS) 
was used to quantify quartz in coal dust samples collected on filter media. Pure silica (Min-U-
Sil™ 5), Georgia kaolin, and Pittsburgh-4 and Illinois-6 coal dusts were deposited separately and 
at multiple mass loadings onto 37-mm polyvinylchloride (PVC) filters. LIBS-generated silicon 
emission was monitored at 288.16 nm, and non-silica contributions to that signal from kaolinite 
were removed by simultaneously detecting aluminum. Measurements of the four samples were 
used to calculate limits of detection (LOD) for silicon and aluminum of approximately 0.08 
µg/cm2 and 0.05 µg/cm2, respectively (corresponding to 0.16 µg/cm2 and 0.20 µg/cm2 for silica 
and kaolinite, respectively). Relative errors of prediction are around 10%. Results demonstrate that 
LIBS can dependably quantify silica on filter samples of coal dust and confirm that accurate 
quantification can be achieved for very lightly loaded samples, which supports the potential 
application of LIBS for rapid, in-field monitoring.
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INTRODUCTION
Silicosis is an incurable and potentially fatal lung disease caused by the inhalation of 
airborne particles containing crystalline silica (further referred to as “silica”), leading to 
inflammation and scarring in the upper lobes of the lung.1,2 Other health effects linked to 
silicosis include pulmonary tuberculosis, autoimmune disease, lung cancer, and chronic 
obstructive pulmonary disease (COPD).2,3 The National Institute for Occupational Safety 
and Health (NIOSH) estimates the current silicosis death rate in the U.S. at nearly 200 
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people per year.4 Approximately two million Americans are regularly exposed to silica, one 
hundred thousand of which are employed in settings where there are large amounts of silica 
dust in the air, liberated by activities such as rock drilling, mining, and sandblasting.3 There 
are currently no known therapies that reduce the mortality rate of people affected with 
silicosis, but a simple line of defense against the disease is to monitor the amount of silica 
dust in the air and limit worker exposure.5 While silicosis is easily preventable in principle, 
it still persists,6,7 motivating NIOSH to investigate potential new monitoring approaches 
including Fourier transform infrared (FT-IR) spectroscopy,8,9 and in the current study, 
LIBS.
Silica is found in the matrix of most coal deposits, both in the form of aluminosilicate 
minerals and in its elemental form (pure quartz), which is commonly called “free silica.”10 
Silica-bearing minerals may also occur within lenses or partings visible within the coal 
seam, such as sandstone lenses deposited by meandering streams or ash bands resulting from 
volcanic eruptions. While there are many trace minerals and compounds in coal deposits, the 
most prevalent minerals are quartz and kaolin.11 The amount of quartz in typical coal mine 
dusts varies from about 2 to 14% and is often even higher in the host rock.11 Fragmentation 
of the coal matrix and other silica-bearing minerals during drilling and mining operations 
liberates particles of silica, causing exposure to airborne silica dust and potential health 
problems in coal mines.
Policy limits exposure to coal mine dust to 2 mg/m3 if the concentration of silica is 5% or 
less. For coal dusts with a higher mass fraction of silica, the regulated limit in units of 
mg/m3 is calculated as 10 divided by the percentage of silica.8,12 To measure exposure to 
coal dust, NIOSH developed and certified a direct reading monitor.13,14 This personal dust 
monitor (PDM) successfully aided miners in reducing their exposure to coal dust by making 
changes to their work activities and implementing dust control practices based on the 
continuous reading provided by the device.15 However, while the PDM measures miners’ 
exposure to total dust, it does not directly measure silica. For mine conditions where the 
silica content is known to be relatively constant, a rough estimate of silica exposure can be 
calculated by using the PDM data combined with the percent silica.
The amount of silica in coal dust samples is currently determined in the U.S. by collecting a 
filter sample and submitting it to the Mine Safety and Health Administration (MSHA). The 
filter is then pre-treated via ashing and analyzed by the P7 analytical method,16 using FT-IR 
spectroscopy. The P7 method, when conducted on samples of respirable-sized dust, has a 
detection limit of 4 µg/filter, a linear dynamic range of 20 to 700 µg/filter, and a precision of 
7–10%. The lag time from sample collection to the return of silica exposure data is on the 
order of weeks, so the information cannot be used in a timely way to improve work 
conditions, especially in environments where the dust conditions vary rapidly. Therefore, 
NIOSH is evaluating field-portable technologies capable of end-of-shift (EOS) or near-real-
time quantification of silica in coal dust samples.8 This paper evaluates the use of laser-
induced breakdown spectroscopy (LIBS) for that purpose.
LIBS uses a high powered, pulsed laser beam to generate a plasma on the surface of a 
targeted sample.17 As the plasma cools, electronically excited neutral and ionized atomic 
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species relax and emit fluorescence at various wavelengths. Elemental abundances are 
determined through analysis of resulting spectra. The technique has been applied to 
measurements of solids, liquids, and gases, and here we focus on measurements of 
particulate matter collected onto filters. Alternatively, individual aerosols can also be 
measured directly by LIBS as demonstrated previously.18–21
For filter-collected particles, detection limits are strongly dependent on chemical 
composition and measurement conditions.22–25 Neuhauser et al. measured 12 toxic metals 
collected on glass microfiber filters by LIBS with a 532 nm laser.22 Each filter was 
measured 125 times with a spot size and spacing of 220 and 240 µm, respectively. Detection 
limits ranged from 0.01 to 0.44 µg/cm2, but other figures of merit were not reported, 
including shot-to-shot variation, dynamic range, or sensitivity.
Cremers and Radziemski detected beryllium on filters using a long-spark technique with a 
photo-multiplier tube and monochromator arrangement.23 After loading, filter samples were 
spray coated with a clear acrylic material to reduce the loss of particles in areas surrounding 
the laser spot that results from the plasma-induced pressure wave. Even with the coating 
applied, the laser spark generally influenced a total area equal to three widths of the laser 
pulse. Detection limits ranged from 0.012 to 0.450 µg/cm2.
Panne et al. measured heavy metal particles collected on quartz fiber filters.24 Self-
absorption was observed above mass loadings of 50 to 100 µg/cm2. Scanning electron 
microscopy (SEM) images showed that for a 532 nm laser pulse with energy of 
approximately 30 mJ and a typical spot size of 220 µm, the laser pulse and resulting plasma 
did not fully penetrate through the filter. The authors report that for mass loadings below 10 
µg/cm2 a majority of the aerosol mass is ablated in a single pulse. Detection limits ranged 
from 0.01 to 0.91 µg/cm2.
The aim of our study was to evaluate the efficacy of LIBS to quantify silica in coal dust 
samples with an eye toward developing an EOS or rapid, in-field silica monitoring method. 
The first goal of the study was to quantify the precision and accuracy of the correlation 
between the LIBS Si signal and the mass of silica on filter samples of coal dust. The second 
goal was to determine if the sensitivity of LIBS for measuring silica lends itself to the 
development of an EOS silica monitor. Parallel sets of filter samples consisting of pure silica 
(Min-USil™ 5), Georgia kaolin, and two types of coal dusts on 37 mm polyvinylchloride 
(PVC) filters were generated for analysis by LIBS and the MSHA P7 method. The Min-U-
Sil™ 5, Georgia kaolin, Illinois-6, and Pittsburgh-4 coal dusts were used to determine 
system sensitivity and to develop a correction scheme to remove the interference of silicon 
derived from kaolin within the coal dusts. The silica content, measured by P7, was then 
correlated to the LIBS Si signal.
EXPERIMENTAL
Laser-Induced Breakdown Spectroscopy
LIBS experiments were conducted using a commercial Insight™ bench top system (TSI, 
Inc.); a general description of the optical layout can be found in a previous publication by 
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Stipe et al.26 A 7 ns, 80 mJ pulse of 1064 nm light is focused by a 3× microscope objective 
to a 300 µm spot on the surface of the particle-laden filter, generating a plasma. As the 
plasma cools, the resulting fluorescence is collected by a fiber-optic cable to a 0.3 m 
Czerny–Turner style spectrometer. The light is dispersed with a 600 grooves/mm grating 
onto an intensified charge-coupled device (iCCD) camera. The delay and gate are each 1 µs. 
To achieve a consistent spot size across all samples by maintaining a constant lens-to-
sample distance, each filter is brought into the focal plane of the video camera that images 
the sample through the same 3× objective that focuses the pulsed laser.
Filter Sample Preparation
Filter samples with known mass of Min-U-Sil™ 5, Georgia kaolin, and coal dust were 
generated by aerosolizing each of these materials at ambient conditions (25 °C, 50% relative 
humidity (RH)) in a Marple calm air chamber,27 using a fluidized bed aerosol generator 
(TSI, Inc., Model 3400A). The sample loading and P7 results are shown in Table I. Samples 
were collected onto low-ash, 37 mm, 5.0 µm pore size, PVC filters (SKC® Corp., Inc.) that 
were pre-weighed using a gravimetric balance and housed in plastic cassettes. The cassettes 
reduced the diameter of the loaded material to 34 mm. A Dorr-Oliver cyclone with a 4 µm 
50% cut-point removed large particles from the sampling flow, resulting in respirable 
particles. The samples were mounted in groups of six, with each sampler connected to a 
critical orifice calibrated to 1.7 liters per minute (lpm) and each group connected to a flow 
manifold. Five manifolds were used per run. The chamber concentration was monitored 
using two tapered element oscillating microbalances (TEOM) (Thermo Scientific, Model 
TEOM 1400a) connected to Dorr-Oliver cyclones and operated at a flow rate of 1.7 lpm. 
After collection, all filter samples were post-weighed to determine the mass of loaded dust. 
The six samples from each loading were divided into two sets of triplicates—one for MSHA 
P7 analysis and the other for LIBS analysis.
In a previous study, Min-U-Sil™ 5 was shown to be 92.4% silica.28 In the current study, by 
comparing the P7 data with gravimetric data for many samples, the Min-U-Sil™ 5 was 
measured to have approximately 95% silica. The material chosen for developing the kaolin 
correction scheme was a well-characterized source of Georgia kaolin used in previous 
research studies observing IR signals for various types of kaolin.29 The two types of coal 
dust used in the current study were Pittsburgh-4 and Illinois-6. Pittsburgh-4 is derived from 
the Pittsburgh coal seam and was ground to a nominal mean diameter of 4 µm, while the 
Illinois-6 coal dust was ground slightly finer, with a target mean diameter of 3 µm.
MSHA P7 Method
Currently, airborne silica in coal dust is quantified by the U.S. Mine Safety and Health 
Administration (MSHA) P7 method.16 The method involves ashing the PVC filters in a low-
temperature radio-frequency asher to destroy organic constituents including coal dust and 
the PVC filter itself. Ashed samples are redeposited in a 9 mm diameter circular area on a 
vinyl acrylic copolymer filter (VAC-DM450). The redeposited ashed samples are then 
scanned by FT-IR spectrometry to determine both the quartz and kaolinite content. Since the 
main doublet peak used to quantify silica has an overlapping kaolinite peak, a correction 
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scheme is used to remove that contribution and the value of quartz in the sample is 
estimated.30
For this study, parallel sets of samples were generated and analyzed by the MSHA P7 
method, to be used for comparison with the LIBS-analyzed samples. Each of the parallel 
sets of filters consisted of triplicate samples at each mass loading condition. The 
relationships between mass loading and silica concentration for the P7-analyzed samples are 
shown in Figs. 1a through 1d. The relationship between mass loading and kaolinite is shown 
in Figs. 2a through 2c. Prediction errors in Figs. 1 and 2 are two standard deviations.
RESULTS AND DISCUSSION
Method Development
In initial experiments, single lasershot measurements were performed at multiple locations 
across a filter surface loaded with Min-U-Sil™ 5 dust. Analysis of the spectral results 
showed that material vaporized by each laser pulse redeposited on the filter surface, thereby 
influencing measurements made by subsequent laser shots on the same filter. To eliminate 
this problem, each filter was cut into approximately 20 pieces, and each piece was measured 
individually. The 34 mm diameter circle of deposited particulate matter on each filter was 
cut into approximately 5 mm × 5 mm squares. The 300 µm laser spot was centered in each 
square. The relative standard deviation (RSD) of the 20 shots ranged from approximately 10 
to 15%, due to both variations in plasma formation and non-uniform particle deposition 
across the filter surface. A future portable system should therefore perform the LIBS 
analysis either in a sample chamber that isolates the laser shot to a confined area or deposits 
the particles in separate locations on a filter tape.
Initial experiments also helped to determine the chosen laser energy and spot size of 80 mJ 
and 300 µm, respectively. At lower fluences, the laser-ablated hole did not fully penetrate 
the PVC filter. At higher fluences, the filter sample fractured excessively and shot-to-shot 
variations in emission signals increased. Representative spectra of Min-U-Sil™ 5, Georgia 
kaolin, the coal dusts, and a blank filter are shown in Fig. 3.
Previous studies using LIBS to measure individual aerosolized particles show that the LIBS 
signal is mass dependent as long as the particles are fully vaporized by the laser-induced 
plasma. An early study by Radziemski et al.21 estimated the upper size limit for full particle 
vaporization of beryllium particles around 10 µm, while two later studies found the size limit 
to be 2.1 µm for silica particles and 5 µm for glucose particles.31,32 These studies were of 
individual particles in air, and the results, likely dependent on the laser wavelength and 
fluence, may not be representative of measurements of particles on a filter matrix. For 
particles collected on a filter, Cremers and Radziemski23 measured beryllium particles with 
sizes of 0.05, 0.5–5.0, 15, 45, and 65 µm. The beryllium signal was an order of magnitude 
larger for the 0.05 to 5.0 µm range of particles than for the 15 µm particles, and the authors 
attribute the difference to incomplete vaporization. In our study, all particles were sampled 
through a 4 µm cut-point cyclone to restrict the deposited mass to only the respirable 
fraction.
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Silicon light emission was quantified by integrating the peak area at 288.16 nm (Table II). 
As is evident in the spectra, LIBS detects atomic silicon and not silica (SiO2) directly. Using 
the P7 data for the Min-U-Sil™ 5 samples, the LIBS silicon signal was correlated to silica 
mass using the ratio of molar masses MSi/MSiO2 of approximately 0.467. To determine the 
silica content in other samples, all contributions to silicon fluorescence not from silica must 
be removed.
The only sources of silicon in coal are silicate minerals, which exist as either quartz or 
kaolinite (Al2Si2O5(OH)4).30 While other silicon-containing minerals exist33 in some 
settings, they are not present in most coal dusts. Kaolinite contains aluminum, so to quantify 
the contribution of kaolinite to the total silicon signal, aluminum fluorescence at 308.22 nm, 
309.27 nm, and 309.28 nm (Table II) was monitored. A calibration curve was generated 
relating aluminum fluorescence to aluminum mass loading. The kaolinite content was 
determined by the MSHA P7 method, as described earlier and shown in Fig. 2. The mass of 
aluminum in the samples was found using the ratio of molar masses MAl/Mkaolinite = 0.209, 
and the silicon content in kaolinite was found using MSi/Mkaolinite = 0.218. Using this 
approach, the silicon from silica is found by subtracting the silicon from kaolinite from the 
total silicon determined from the LIBS signal. For the Min-U-Sil™ 5 samples, MSHA P7 
analysis did not detect any kaolinite; therefore, it was not necessary to correct these samples.
Calibrations
Min-U-Sil™ 5, Georgia kaolin, Illinois-6, and Pittsburgh-4 were analyzed by LIBS, and the 
silicon, aluminum, and carbon emissions were monitored. For each material, three filters at 
each loading condition were measured. Initial measurements of silicon in the four sample 
types showed that the sensitivity of the LIBS silicon signal depends on the material 
measured. These differences in sensitivity, or chemical matrix effects, are shown in Fig. 4. 
To correct for these matrix effects, carbon emission, predominantly from the PVC filter 
material, was monitored at 247.86 nm (Table II) and used as an internal standard. Note that 
since the average mass of a PVC filter is roughly 13 grams, and the mass of the most heavily 
loaded coal filter was approximately 250 µg, the carbon content of the coal contributes less 
than 0.01% to the total carbon content and has only a minor effect on the normalization 
approach.
The calibration curve for LIBS-generated aluminum emission normalized by carbon 
emission as a function of deposited aluminum mass is shown in Fig. 5. The aluminum 
content is inferred from the kaolinite mass determined by MSHA P7 on the parallel set of 
samples (Figs. 2a through 2c). The calibration curve is linear with an R2 of 0.997. Only data 
from Georgia kaolin, Illinois-6, and Pittsburgh-4 are shown since Min-U-Sil™ 5 contains no 
kaolinite. The limit of detection (LOD) of aluminum in kaolinite, calculated as three times 
the standard deviation of the background divided by the slope of the calibration curve, is 
0.48 µg/filter (0.05 µg/cm2) or roughly 37 picograms of material per laser shot. The limit of 
quantification (LOQ), usually 3.3 times the LOD, is approximately 0.17 µg/cm2. For 
kaolinite, the LOD and LOQ are 0.20 and 0.66 µg/cm2, respectively.
The calibration curve of the LIBS-generated silicon emission normalized by carbon as a 
function of silicon loading is given in Fig. 6. The silicon content for the LIBS-measured 
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samples was calculated using the gravimetric and MSHA P7 relationships shown previously 
in Figs. 1a through 1d. The calibration data were fit to a second-order polynomial regression 
to capture the nonlinear behavior at loading conditions above 5 µg/cm2 of silicon. This 
nonlinearity is likely due to self-absorption effects caused by the high population of Si 
atoms generated in the plasma at the higher silica concentrations.17 The LOD is 0.72 µg/
filter (0.08 µg/cm2) or roughly 56 picograms of material per laser shot, and the LOQ is 0.26 
µg/cm2. This corresponds to a silica LOD and LOQ of 0.16 and 0.53 µg/cm2, respectively.
Application of the Method to Coal Mine Dust
Respirable coal dust samples from mines are required to be below 5% quartz in a 2.0 mg/m3 
sample,12 which on average limits the respirable quartz concentration to 100 µg/m3. Since 
the results of this study indicate that the LOQ for silica using LIBS is on the order of 0.5 
µg/cm2, or over 25 times more sensitive than the MSHA P7 method, it suggests that LIBS 
may be useful as a near-real-time technique that can quantify silica in airborne dust at the 
levels expected in a mine. Assuming a respirable quartz concentration of 100 µg/m3 and a 
sampling rate of 2 lpm across a diameter of 34 mm, the required time to reach the LOQ 
would be approximately 20 minutes. The measurement time resolution may be reduced by 
increasing the sampling flow rate or reducing the collection area of the filter, each of which 
would increase the velocity through the filter face. In a study by Lee et al.,9 a high 
volumetric flow rate sample collection method was successfully demonstrated at a flow rate 
of 11.2 lpm, which would reduce the required sampling time to 4 minutes.
CONCLUSIONS
The efficacy of using LIBS to measure silica in filter samples of coal dust was 
demonstrated. The limit of detection and limit of quantification for silica were 0.16 and 0.53 
µg/cm2, respectively, making it more than 25 times more sensitive than the MSHA P7 
method. Since LIBS detects elemental silicon, a correction scheme was developed to remove 
the influence of silicon originating from kaolinite in the coal samples. The correlation of the 
LIBS Si signal with mass of silicon in samples was excellent (R2 = 0.995) over a relatively 
wide range of filter loadings (approximately 0.6–19 µg/cm2 of silica), suggesting that LIBS 
may be used as an EOS method for measuring silica.
Practical application of this method would require developing a miniaturized LIBS system 
for fast, in-field monitoring of silica in an underground mining environment. As currently 
envisioned, the system would entail deposition of coal dust onto a translating filter tape that 
moves the deposited particles into a measurement chamber for LIBS analysis. To reduce the 
size and weight of such an instrument, a single-channel spectrometer—covering a 
wavelength range that captures carbon, silicon, and aluminum (240–315 nm)—and a 
passively Q-switched pulsed laser could be used. Based on the demonstrated LOQ and 
minimum sampling rate of 2 lpm, the maximum time resolution is on the order of 20 
minutes, or 4 minutes if high flow rate collection is employed.
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Relationships between deposited mass and silica content determined by MSHA P7 analysis 
for (a) Min-U-Sil™ 5, (b) Georgia kaolin, and (c) Pittsburgh-4 and (d) Illinois-6 coal dusts. 
Error bars are two standard errors of prediction.
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Relationship between deposited mass and kaolinite content determined by MSHA P7 
analysis for (a) Georgia kaolin and (b) Pittsburgh-4 and (c) Illinois-6 coal dusts. No 
kaolinite was detected in Min-U-Sil™ 5 samples. Error bars are two standard errors of 
prediction.
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Representative LIBS spectra of blank filter and filters loaded separately with Min-U-Sil™ 5, 
Georgia kaolin, and Pittsburgh-4 and Illinois-6 coal dusts. The blank filter shows a carbon 
peak at 247.9 nm and no interference at the silicon peak locations (251.6 and 288.2 nm) or at 
the aluminum doublet (308.2 and 309.2 nm). Min-U-Sil™ 5 exhibits the carbon peak from 
the filter and silicon emission, while Georgia Kaolin and the coal dusts contain carbon, 
silicon, and aluminum.
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LIBS silicon emission for Min-U-Sil™ 5, Georgia kaolin, Illinois-6, and Pittsburgh-4 at 
different mass loadings. Each plotted data point is an average of 20 measurements of three 
similarly loaded filters. The silicon content was calculated using the MSHA P7 analysis of 
silica and kaolinite.
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LIBS silicon emission at 288.16 nm normalized by carbon emission at 247.86 nm for 
Minusil-5, Georgia kaolin, Illinois-6, and Pittsburgh-4. Each plotted data point is an average 
of measurements of three similarly loaded samples. The silicon content was calculated using 
the MSHA P7 analysis of silica and kaolinite.
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LIBS silicon emission at 288.16 nm normalized by carbon emission at 247.86 nm for Min-
U-Sil™ 5, Georgia kaolin, Illinois-6, and Pittsburgh-4. Each plotted data point is an average 
of measurements of three similarly loaded samples. The silicon content was calculated using 
the MSHA P7 analysis of silica and kaolinite. To determine the silica content, the kaolinite 
contribution to the total silicon signal would be subtracted using Fig. 5.
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TABLE II
Peak locations and energy levels for carbon, silicon, and aluminum.
Element Wavelength (nm) E1 (eV) E2 (eV)
Carbon 247.86 2.6840 7.6848
Silicon 288.16 0.7810 5.0823
Aluminum 308.22 0.0000 4.0215
309.27 0.0138 4.0216
309.28 0.0138 4.0214
Appl Spectrosc. Author manuscript; available in PMC 2015 December 23.
